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(54) Title: ACTIVATION OF p53 PROTEIN 

(57) Abstract 

The present invention provides substances 
which have the property of activating the sequence 
specific DNA binding activity of latent p53, 
said substances being based on fragments of the 
C-terminal regulatory domain of p53 protein, or 
fragments of murine p53 including the epitope bound 
by antibody Pab241 (or the corresponding region of 
human p53). The substances are shown to activate 
latent p53 and to act synergisticaDy with known 
p53 activators such as DnaK, monoclonal antibody 
Pab42I and kinases. The invention includes the use 
of these substances in methods c* medical treatment, 
and in screening for mtmeacs and binding partners. 
A motif of p53 which interacts with the heat shock 
protein DnaK is also disclosed. 
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a gfrivation of p53 Protein 
Field, of the invention 

The present invention relates to the p53 tumour suppressor 
protein, and more particularly to the activation of latent 
p53 protein using substances comprising or based on the C- 
terminal negative regulatory domain of p53 or the epitope 
of antibody Pab241. The present invention also relates to 
the identification of substances based on motifs in the C- 
terminal domain of p53 that interact with DnaK. The 
present invention also includes applications of these 
substances, both therapeutic applications and the use of 
Che substances in screening for mimetics. 

Hackaround to the Invention 

P 53 appears to play a central role in the cellular response 
to irradiation damage by activating an apoptotic or growth 
arrest pathway in proliferating cells (Malzman and Czyzyk, 
1984; Kastan et al 1992; Kuerbitz et al 1992; Hall et al 
1993; Lu and Lane 1993; Zhan et al 1993; Clarke et al 1993; 
Lowe et al 1993; Merritt et al 1994; Yonish et al 1991). 

The precise mechanism by which P 53 is activated by cellular 
stress is of intense interest and may involve both 
increases in p53 protein level and in p53's specific 
activity by covalent modification. Although direct 
activation of the latent sequence-specific DNA binding 
activity of human p53 can occur through UV and serum- 
responsive signalling pathways in insect cell systems (Hupp 
and Lane, 1995) , upstream intracellular signalling pathways 
involved in the direct activation of the biochemical 
function of p53 in mammalian cells following irradiation 
35 have not been clearly delineated nor have the actual 
enzymes activating p53 function in vivo been identified. 



20 



25 



30 



Biochemical analysis of p53 has shown that it interacts 
with many proteins implicated in regulation of p53 protein 
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function, including; protein kinases and phosphatases, heat 
shock protein, and DNA binding proteins. The biochemical 
activity of p53 may also be regulated by interaction of the 
C- terminus with single stranded RNA or DNA (Oberosler et al 
5 1993; Bakalkin et al 1994; Jayaraman and Prives 1995). The 
activity of p53 most tightly linked to its tumour 
suppressor activity is the ability of the protein to bind 
to DNA sequence -specif ically (Kern et al 1992; El-Deiry et 
al 1992) . Inactivating point mutations usually map within 

10 the active site for sequence-specific DNA binding or within 

the central core DNA binding domain (Cho et al 1994; 
Halazonetis and Kandil 1993; Bargonetti et al 1993) . Thus, 
sequence -specific DNA binding is a biologically relevant 
function of p53 and understanding its regulation may reveal 

15 mechanisms whereby the cell regulates a key damage- 

responsive pathway. 

Biochemical analysis of the regulation of wild type p53 
sequence -specific DNA binding has shown that the 

20 unphosphorylated tetramer has a cryptic sequence -specific 

DNA binding activity (Hupp et al 1992) . This cryptic or 
latent state of p53 depends upon a C- terminal negative 
regulatory domain, which locks the unphosphorylated 
tetramer in an inactive state. Phosphorylation of the C- 

25 terminal negative regulatory domain of latent p53 by either 
protein kinase C or casein kinase II (Hupp and Lane 1994b; 
Delphin and Baudier 1994; Takenaka et al 1995), or deletion 
of this regulatory domain (Hupp et al 1992) , activates 
sequence- specif ic binding. In addition, a monoclonal 

30 antibody or bacterial Hsp70, whose binding sites reside in 
the C- terminal negative regulatory domain, mimics the 
effects of protein kinases and activate latent p53 through 
a concerted transition of sub-units in the tetramer (Hupp 
and Lane 1994a) . 

35 

Our earlier patent application WO94/12202 discloses methods 
of activating mutant p53 including the use of PAb421 
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antibody or the heat shock protein DnaK, both of which bind 
to p53 in the C- terminal negative regulatory region. 

gunnery a£ the Invention 

5 

We have now found that the activation of latent p53 by 
covalent or non-covalent modification of the C-terminal 
negative regulatory domain operates in mammalian cells and 
that the activation of p53 as a sequence-specific 

10 transcription factor following UV irradiation does not 
require increases in protein level and can be mimicked in 
vivo by the intranuclear microinjection of antibody 
directed to the C-terminal negative regulatory domain of 
p53. These findings support a model in which each C- 

15 terminal negative regulatory domain interacts with a motif 

in the core of the tetramer and must be displaced to permit 
the specific DNA binding activity of the protein. 

We have also found that small peptides derived from the C- 
20 terminal negative regulatory domain can be used to 
interfere with this intra or intermolecular interaction and 
activate the DNA binding function of latent p53 . 
Definition of the molecular details of this control pathway 
that regulates the cellular response to irradiation damage 
25 allows the rational design of low molecular weight 
modifiers of the p53 response. We have also found that the 
sequence at or around the epitope of antibody Pab241 in 
murine p53 (or the corresponding region of human p53) is 
inportant in activating p53. In addition, we have refined 
30 a motif at the C-terminal end of the p53 interacts with the 
heat shock protein DnaK. 

Accordingly, in a first aspect, the present invention 
provides a substance which has the property of activating 
35 the sequence specific DNA binding activity of latent p53 f 
said substance consisting of: 
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(i) a fragment of the C- terminal regulatory domain of 
p53 protein, or an active portion or derivative thereof; 

(ii) a fragment of murine p53 including the epitope 
5 bound by antibody Pab241, or a fragment from the 

corresponding region of human p53, or an active portion or 
derivative thereof; or, 

(iii) a functional mimetic of (i) or (ii) above- 
wherein the fragment or mimetic is optionally coupled 

10 to a functional moiety. 



In the present invention, *an active portion" means a 
portion of the p53 peptide which is less than the full 
amino acid sequence of the fragment above, but which 
15 retains the property of activating the DNA binding activity 

of latent p53 . 

In the present invention, a 11 derivative" is a protein 
modified by varying the amino acid sequence of the protein, 

20 e.g. by manipulation of the nucleic acid encoding the 

protein or by altering the protein itself . Such 
derivatives of the natural amino acid sequence may involve 
insertion, addition, deletion or substitution of one or 
more amino acids, without fundamentally altering the 

25 essential activity of the protein. 

In the present invention, Afunctional mimetic* means a 
substance which may not contain a fragment or active 
portion of the p53 amino acid sequence, and probably is not 
30 a peptide at all, but which has some or all of the 
properties of the p53 fragment, in particular the property 
of activating the DNA binding activity of latent p53 . 

In the present invention, Afunctional moiety* means a non- 
35 p53 derived molecule, for example a label, a drug, or a 
carrier molecule. In one embodiment, the functional moiety 
is a carrier molecule is a 16 aa peptide sequence derived 
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from the homeddomain of Antennapedia (e.g. as sold under 
the name " Penet rat in" ), which can be coupled to one of the 
above substances via a terminal Cys residue. The 
^Penetratin" molecule and its properties are described in 
5 W091/18281. In an alternative embodiment, the functional 
moiety is a p53 activating molecule. Alternatively, the 
substances could be coupled to a molecule such as PEG to 
affect function and prolong the in vivo half-life of the 
substances (see Kuan et al f J. Biol. Chem., 269:7610-7616, 
10 (1996)). 

Preferably, where the substance is a p53 protein fragment, 
it comprises a fragment of the C-terminal regulatory domain 
of p53 protein between amino acid residues 369 and 383. 

15 More preferably, the fragment of the C-terminal regulatory 
domain of p53 includes residues corresponding to the amino 
acids K370, K372, K373, R379, K381, K382. As demonstrated 
* below, replacement of these residues in the 369-383 p53 
fragment reduces the ability of the p53 fragment to 

20 activate latent p53 . 

Alternatively, in embodiments of the invention relating to 
the epitope of antibody Pab241, preferably the substance 
consists of fragments of p53 localised between amino acid 
25 residues residues 287 to 310 of murine p53, corresponding 
to residues 293 to 316 of human p53 . 

In further aspect, the present invention provides a 
substance which has the property of binding to DnaK, said 
30 substance consisting of a fragment of the C-terminal 

regulatory domain of p53 protein from amino acid residues 
381 to 388, or an active portion or derivative thereof. 

In a further aspect, the present invention includes 
35 composition comprising one or more of the above substances 
in combination with known p53 activators, e.g. heat shock 
proteins such as DnaK, antibodies such as Pab421 or Pab241, 
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or kinases such as casein kinase II. The use of some of 
these p53 activators is disclosed in our earlier 
application WO94/12202. Further, modification of p53 by 
cdc2/cyclin kinase may also interact synergistically with 
5 the substances described herein. 

In further aspects, the present invention provides 
pharmaceutical compositions comprising any of the above 
substances and the use of these compositions in methods of 
10 medical treatment. In particular, the present invention 
relates to the use of these substances in the preparation 
of medicaments for the treatment of disorders in which the 
activation of latent p53 is required, such as cancer or 
other hyperproliferative disorders. 

15 

Pharmaceutical compositions according to the present 
invention, and for use in accordance with the present 
invention, may comprise, in addition to one of the above 
substances, a pharmaceutical^ acceptable excipient, 

20 carrier, buffer, stabiliser or other materials well known 

to those skilled in the art. Such . mater ials should be non- 
toxic and should not interfere with the efficacy of the 
active ingredient. The precise nature of the carrier or 
other material may depend on the route of administration, 

25 e.g. oral, intravenous, cutaneous or subcutaneous, nasal, 

intramuscular, intraperitoneal routes. For such 

administration, a parenterally acceptable aqueous solution 
may be employed which is pyrogen- free and has suitable pH, 
isotonicity and stability. Those skilled in the art are 

30 well able to prepare suitable solutions. Preservatives, 
stabilisers, buffers, antioxidants and/or other additives 
may be included, as required.. Dosage levels can be 
determined by the those skilled in the art, taking into 
account the disorder to be treated, the condition of the 

35 individual patient, the site of delivery, the method of 
administration and other factors known to practitioners. 
Examples of the techniques and protocols mentioned above 
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can be found in Remington's Pharmaceutical Sciences, 16th 
edition, Osol, A. (ed) , 1980. 



In embodiments in which the substances are proteins, the 
5 present invention also provides nucleic acid encoding these 

proteins. Those skilled in the art can readily construct 
such nucleic acid sequences from the amino acid sequences 
disclosed herein, taking account of factors such as codon 
preference in the host used to express the nucleic acid 
10 sequences. In embodiments of the invention in which the 
protein is coupled to a peptidyl functional moiety, nucleic 
acid encoding the carrier protein can be linked to the 
sequence encoding the peptides and the sequences expressed 
as a fusion. 

15 

In further aspects, the present invention provides vectors 
incorporating the above nucleic acid sequences operably 
linked to control sequences to direct their expression, and 
host cells transformed with the vectors. 

20 

In a further aspect, the present invention provides the use 
of any one of the above substances in screening for (i) 
compounds having one or more of the biological activities 
of the substances described above or (ii) compounds which 

25 aire binding partners of one of the substances, e.g. 

antibodies or complementary peptides specific for the p53 
fragments or p53 mimetics, or substances having the same 
binding properties as DnaK* Conveniently, the candidate 
compounds can be selected from a synthetic combinatorial 

30 library. Examples of screening procedures for mimetics or 
binding partners include: 

(a) immobilising the substances on a solid support 
and exposing the support to a library of labelled peptides 
or other candidate compounds, and detecting the binding of 

35 the peptides or candidate compound to the substances ; 

(b) using the substances and a library of unlabelled 
candidate compound or peptides to find candidate compound 
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that compete or synergise with the substances in the 
activation of latent p53 protein ; 

(c) other combinations of solid phases substrates and 
binding measurements; 
5 (d) Western blots using the substances and antibodies 

raised to the substances and determining the displacement 
of the antibodies by candidate compounds; 

(e) using yeast two hybrid screens to detect 
candidate peptides which bind to the substances or to 

10 oligonucleotides derived from the p53 fragments (for a 
description of yeast two hybrid screens see our earlier 
application W096/14334) ; 

(f) using the substances and/or candidate compounds 
in cell systems to determine whether the fragments or 

15 candidate compounds activate latent p53 protein . 

In a further aspect, the present invention provides the use 
of a fragment of p53 including (i) amino acid residues 
corresponding to K370, K372, K373, R379, K381, and K383 or 

20 (ii) amino acid residues comprising the epitope of murine 

p53 bound by antibody Pab241, or a fragment from the 
corresponding region of human p53, in the design of an 
organic compound which is modelled to resemble the three 
dimensional structure of said amino acid residues, the 

25 organic compound having the property of activating latent 

p53 . 

In a further aspect, the present invention provides the use 
of a fragment of p53 including amino acid residues 
30 corresponding to 381-388 (KKLMFKT) of p53 , in the design of 

an organic compound which is modelled to resemble the three 
dimensional structure of said amino acid residues, the 
organic compound having the property of binding to DnaK, 

35 The designing of mimetics to a known pharmaceutical^ 
active compound is a known -approach to the development of 
pharmaceuticals based on a "lead" compound. This might be 
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desirable where the active compound is difficult or 
expensive to synthesise or where it is unsuitable for a 
particular method of administration, eg peptides are 
unsuitable active agents for oral compositions as they tend 
to be quickly degraded by proteases in the alimentary 
canal. Mimetic design, synthesis and testing is generally 
used to avoid randomly screening large number of molecules 
for a target property. 

There are several steps commonly taken in the design of a 
mimetic from a compound having a given target property. 
Firstly, the particular parts of the compound that are 
critical and/or important in determining the target 
property are determined. In the case of a peptide, this 
can be done by systematically varying the amino acid 
residues in the peptide, eg by substituting each residue in 
turn. These parts or residues constituting the active 
region of the compound are known as; its "pharmacophore". 

Once the pharmacophore has been found, its structure is 
modelled to according its physical properties, eg 
stereochemistry, bonding, size and/or charge, using data 
from a range of sources, eg spectroscopic techniques, X-ray 
diffraction data and NMR. Computational analysis, 
similarity mapping (which models the charge and/or volume 
of a pharmacophore, rather than the bonding between atoms) 
and other techniques can be used in this modelling process. 

In a variant of this approach, the three-dimensional 
structure of the ligand and its binding partner are 
modelled. This can be especially useful where the ligand 
and/or binding partner change conformation on binding, 
allowing the model to take account of this in the design of 
the mimetic. 

A template molecule J.s then selected onto which chemical 
groups which mimic the pharmacophore can be grafted. The 
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template molecule and the chemical groups grafted on to it 
can conveniently be selected so that the mimetic is easy to 
synthesise, is likely to be pharmacologically acceptable, 
and does not degrade in vivo, while retaining " the 
5 biological activity of the lead compound. The mimetic or 
mimetics found by this approach can then be screened to see 
whether they have the target property, or to what extent 
they exhibit it. Further optimisation or modification can 
then be carried out to arrive at one or more final mimetics 
10 for in vivo or clinical testing. 

The present invention will now be described by way of 
example with reference to the accompanying figures. 

15 Brief Description of the Drawings 

Figure 1. UV- induced activation of the transcriptional 
function of p53 does not require an increase in p53 protein 
levels. (1A) The level of p53 protein in extracts of the 

20 irradiated and unirradiated mouse fibroblast reporter cells 

was measured 16 hours after irradiation at the doses 
indicated using a two site ELISA assay in which p53 .. is 
captured using solid phase monoclonal antibody Pab24B and 
detected with Rabbit anti-p53 antibody CMS and an enzyme 

25 labelled second antibody. The ELISA was standardized by 

titration of pure murine p53 protein. (IB) The level of 0- 
galactosidase produced by p53 transcriptional activity was 
assessed at the single cell level using an 
immunohistochemical method and the 0-gal substrate: (IBi) 

30 OJ/m 3 , (IBii) lOJ/m 2 , (IBiii) 20^1**, (IBiv) 40J/m 2 ? 

Figure 2. Activation of the sequence -specif ic 

transcriptional response of p53 in vivo by microinjection 
of Pab421. Cells were microinjected with control buffer 
35 (2i) , the activating antibody Pab421 (2ii) , or the 

inhibiting antibody Pab246 (2iii) , incubated for 16 Jiours, 
and then stained for 0-galactosidase production as in 
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Figure 1. The complete results of two similar experiments 
are detailed in Table 1. 

Figure 3. (Top panel). Binding sites of activating 
5 proteins within the C-terminal regulatory domain of p53. 
The high affinity amino acid contacts required for Pab421 
(Stephen et al 1995) and DnaK binding (data not shown) , and 
the sites of phosphorylation of protein kinase C and casein 
kinase II are as indicated . The overlap and sequence of 

10 synthetic peptides C x -C 12# relative to the carboxy- terminus 
of p53, are also as indicated. Peptides C x -C 4 are not 
biotinylated, while peptides Cj-C^ contain an amino terminal 
biotin group linked to the amino acid sequence SGSG. The 
shaded amino acids depict high affinity amino acid contacts 

15 required for potent p53 activation, which is summarized on 

the left, from data in Figure 8. (Bottom panel). 
Incubation of latent p53 tetramers with synthetic peptides 
derived from the C-terminal regulatory domain. p53 protein 
(50 nM) was assembled in activation reactions with a panel 

20 of synthetic peptides; lane 1 (no peptide); lanes 2-4 (1, 
10, and 100 >M peptide CJ ; lanes 5-7 (1, 10, and 100 jiM 
peptide Q,) ; lanes 8-10 (1, 10, and 100 /xM peptide C). 
After a 30 minute incubation at 30°C, sequence -specific DNA 
binding was assayed at 0°C as indicated in Materials and 

25 Methods. 

Figure 4. (Top panel) Synergistic activation of phospho- 
p53 with a synthetic peptide derived from the C-terrainal 
regulatory domain. p53 (50 nM) was left unphosphorylated 

30 (lanes 1 to 6) or phosphorylated at 30°C with recombinant 

human casein kinase II ((Hupp et al 1993); 2ng) for 1 
minute. After phosphorylation, the reactions were 
incubated further for 1, 2, 5, and 10 minutes at 30°C. 
Subsequently, peptide C x (20 jiM) was added (lanes 6-11) 

35 during DNA binding at 0°C and products were analysed as 
indicated in the Experimental Procedures. -The N- terminal 
antibody DO-1 was added to a parallel reaction (lane 11 vs 
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lane 7) to demonstrate p53 -specif icity and tetrameric 
nature when bound to DNA. (Middle Panel) . Rate of p53 
phosphorylation by casein kinase II. p53 {50 nM) was 
incubated with recombinant human casein kinase II for the 
5 indicated time in reactions containing 32 P-y-ATP and 
phosphate incorporated into p53 was determined as indicated 
previously (Hupp et al 1992) . (Bottom panel) . Peptide 
titration in activation of phospho-p53 tetramers. p53 (50 
nM) was phosphorylated with casein kinase II (2 ng) for one 

10 minute at 30°C (lanes 1-12) or was left unphosphorylated 

(lanes 13-15) . Subsequently at 0°C either peptide C x (lanes 
2-5; 5, 10, 20 or 40 /*M) ; potassium chloride (lanes 6-9; 
50 f 100, 150, and 200 mM) ; DnaK (lanes 10-12; 1.4, 2.8, or 
5.6 /iM protein); and peptide Cj (lanes 13-15; 10, 20, or 

15 40/iM) were added and DNA binding was assayed as indicated 

in Materials and Methods. 

Figure 5. Activation of latent p53 with peptide C x and 
DnaK. p53 protein (50 nM) was assembled in activation 

20 buffer with increasing amounts of peptide C x alone (lanes 1- 
5; 0 /iM, 12 /iM, 25 /*M, 50 /iM, and 100 /iM respectively) or 
with DnaK (2.8 nM) and increasing amounts of peptide C a 
(lanes 6-10; 0 /zM, 12 /iM, 25 /iM, 50/iM and 100 /xM, 
respectively) at 0°C for 30 minutes. After the addition of 

25 DNA binding buffer and radiolabeled DNA, products were 
analysed as indicated in Materials and Methods. 

Figure 6 . Truncation of activated peptide defines 
endpoints required for high affinity activation. 

30 Activation reactions were assembled containing p53 (50 jxM) , 
DnaK (2.8 /iM) , and the indicated synthetic peptides 
containing truncations (as indicated in Figure 3) at 0°C 
for 30 minutes. After the addition of DNA binding buffer 
and radiolabeled DNA, products were analysed as indicated 

35 in Materials and Methods. 
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Figure 7. Alanine substitution of the activating peptide 
defines essential amino acid contacts. Activation 
reactions were assembled containing p53 (50 nM) , DnaK (2.8 
jiM) , and synthetic peptides (30 /xM) containing alanine 
substitutions at the indicated positions of 1 through 16). 
Lane 17 represents peptide -16 /DnaK- activated p53-DNA 
complexes shifted by DO-1, demonstrating the tetrameric 
nature of p53 . 

Figure 8, Model for peptide activation of latent p53 
tetramers. p$3 exists stably in the latent state due to 
interactions between the basic negative regulatory domain 
amino acid side -chains (shaded cylinders) and a peptide 
binding pocket within the tetramer. Deletion of the 
regulatory domain or its phosphorylation and subsequent 
incubation at high temperature (30°C) disrupts regulatory 
domain interactions and converts the latent tetramer to an 
activated tetramer through a concerted transition of 
subunits. Activation by post-translational modification at 
the regulatory site can now be separated into two stages. 

The first step is a rapid event in which the regulatory 
domain is modified (ie by covalent modification) , but the 
energy barrier required to disrupt the regulatory domain- 
25 tetramer interaction is not overcome. As a result, a 
stable and latent phospho- intermediate can be isolated* 
However, in a rate- limiting stage, the activating peptide 
(darkened cylinder) can effectively compete with the 
phosphorylated- regulatory domain binding site at 0°C, 
30 promoting the dissociation of the phosphorylated carboxy- 
terminus from its binding site and thus inducing the 
conformational chance required to activate the tetramer for 
sequence -specific DNA binding. 

35 Figure 9: Peptides derived from the C-terrainal regulatory 
domain of human p53 compete with DnaK activation. (A) 
Competitive binding experiments with peptide 379-393 and 
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all three activating proteins: lane 1 (p53, no activator), 
lane 2 (p53 + PAb421) , lane 3 (p53 + DnaK) , lane 4 (p52 + 
casein kinase II), lanes 5-7 (p53 + PAb421 with 1/xg, O.ljig, 
and 0.01/xg of peptide), lanes 8-10 (p53 + DnaK with 1/ig, 
5 0.1/ig# and O.Oljig of peptide), and lanes 11-13 (p53 + 

casein kinase II with 1/xg, 0.1/ig, and 0.01/ig of peptide). 
(B) Competitive binding experiments using peptide 369-383 
which contains the 421 epitope: lanes 1-3 (p53 + PAb421 
with Ipg, 0.1/xg, and 0.01/ig of peptide), lanes 4-6 (p53 + 

10 DnaK Ipg, 0.1/ig# and 0.01/ig of peptide), and lanes 7-9 (p53 

+ casein kinase II Ipg, 0.1/ig, and O.Oljig of peptide). tC) 
Peptide competition in DnaK- dependent activation reactions. 
The indicated peptides were incubated in reactions 
assembled with DnaK and p53 at concentrations of Ipg, 

15 0.1/xg, 0.01/xg and O.OOljig (lanes 2-5 (peptide 379-393), 

lanes 6-9 (peptides 374-388), and lanes 10-13 {peptide 369- 
383)) . Lane 1 contains DnaK and p53 incubated at 30°C for 
30 minutes.. The lack of activation of latent p53 on ice by 
DnaK (lame 14) demonstrates the temperature-dependence of 

20 the activation reaction. After peptide addition and 
incubation in the reaction, DNA binding was assayed as 
indicated in Materials and Methods. The position of the 
p53-DNA complexes are indicated. 

25 Figure 10: Binding of DnaK to human p53 peptides. 

Biotinylated peptides from the C terminus of human p53 
(0*05, 0.5, 5/iM) were incubated with DnaK (1/tg/assay, 1.5/xM 
final concentration) at 30°C for 30 minutes and then 
separated on a native polyacrylamide gel. Bound prptein- 

30 peptide complexes were detected with Streptavidin- 
peroxidase and ECL. 

Figure 11: Binding of human Hsc70 to human p53 synthetic 
peptides. 1.5jaM human Hsc70 was incubated with 0.05, 0.5 
35 and 5/iM of the respective C- terminal biotinylated peptides 
of human p53. Protein bound to the peptides was detected 
with Streptavidin-peroxidase and ECL following a native gel 
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electrophoresis and blot onto nitrocellulose. DnaK (1.5jxM) 
incubated with equivalent amounts of peptide 376-390 were 
run on the same gel as an internal standard for the 
strength of the interaction. 

5 

Figure 12: Binding of DnaK to murine p53 peptides. The 
binding of 1.5jaM DnaK to biotinylated peptides of the C- 
terminus of murine p53 was established using titrations of 
the relevant peptides (0.05, 0.5, 5/iM) . Protein-peptide 
10 complexes were resolved by native gel electrophoresis and 
detected with Streptavidin-peroxidase and ECL. The human 
peptide 376-390 was run as a control for the strength of 
the signal. 

15 Figure 13: Activation of murine p53 by DnaK. Latent murine 

p53 (ISOng) produced in bacteria was activated with the 
monoclonal antibody PAb421 or co- incubated for 30 minutes 
at 30°C with increasing concentrations (0.05, 0.1, 0.5, 3, 
6fM) of the bacterial heat shock protein DnaK prior to 

20 analysis for DMA binding by gel electrophoresis at 0°C. 

Figure 14: A. Activation of murine p53 by DnaK is 
dependent on the phosphorylation state of p53. 150ng of 
wild- type murine p53 produced in insect cells was incubated 

25 for 30 minutes at 30 P C with increasing concentrations of 

DnaK (0.05, 0.1, 0.5, 1.5, 3^ SfM) before analysis for 
sequence -specific DNA binding. In comparison, the 
309Ser>Ala mutant produced in insect cells was also 
subjected to the same treatment. The actiyation of both 

30- proteins with the monoclonal antibody PAb421 is run as a 
control for maximal activation. B. The monoclonal 
antibody PAb421 can activate p53 for DNA binding. 
Inclusion of 200ng of the monoclonal antibody PAb241 
(recognizing aa288-297) activates latent, murine p53 

35 produced in insect cells for DNA binding to about 40V of 

activation by PAb521 (aa366-375) . 
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Figure 15: Mechanism of activation of p53 by DnaK. The 
DnaK binding site was defined to aa381-388 and human Hsc70 
binds to the same site on p53. (The sequence of murine p53 
5 was obtained from the Swiss protein database and it is 
assumed that the second ATG is used as the initiation 
codon, which predicts a 387-amino acid protein) . Within 
the DnaK binding site on human p53, there are four amino 
acid changes in murine p53 which reduce the binding 

10 affinity of DnaK and lower the activation extent of murine 
p53 by DnaK. However, murine p53 is efficiently activated 
by DnaK if it is assembled and phosphorylated in 
recombinant insect cell expression systems. One site of 
phosphorylation that may act in concert (positive 

15 cooperation) with activators binding to regulatory domain 
I f is the cdc2 phosphorylation site (aa309) . Consistent 
with the regulatory role played by this second domain, the 
monoclonal antibody PAb241 also activates p52 protein for 
DNA binding. 

20 

Figure 16 shows the sequences of the regulatory domains of 
p53 identified in this application, in addition showing the 
DnaK binding site. 

25 Table 2; Interaction of Hsp70 isoforms with C- terminal 
peptides of p53. Protein sequences were obtained from the 
Swiss Protein data base and analysed for sequence homology 
with DnaK using the GCG software. Hsc70, sharing the least 
overall homology with DnaK, interacts strongly with p53 at 

30 the same site as DnaK. -Hsp70 binds very weakly to peptide 
376-390. No interaction could be demonstrated for p53 
peptides and the Grp78 (BiP) heat shock protein which was 
expressed in E. coli as recombinant hamster Grp78. 

35 
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Materials and-m^hpdg 
Reagents, enzymes and proteins. 

Recombinant latent forms of human p53, casein kinase II 
5 from rabbit muscle, DnaK, and monoclonal antibodies DO-1, 

Pab421-Fab fragments, Pab421 were purified as described 
(Hupp and Lane 1994a; Hupp et al 1992) . Assembly of 
activation reactions, sequence-specific DNA binding 
reactions, ELISA, DnaK and p53 peptide-binding reactions, 

10 and phosphorylations were performed as indicated in the 
Figure legends. Recombinant human casein ki n ase II was 
obtained from Boehringer Mannheim. Synthetic peptides were 
obtained from Pfizer and Chiron Mimitopes. Human Hsp70 and 
Hsc70 were expressed in Escherichia coli and purified as 

15 published elsewhere (Freeman et al) . Recombinant hamster 
Grp78 expressed in Escherichia coli and was obtained from 
StressGen Corp. Non-biotinylated peptides were obtained 
from Pfizer. 

20 Purification of DnaK. 

The cells of a DnaK over -expressing strain were grown 
shaking in LB media at 30°C to an O.D.(600nm) of 0.5, when 
they were quickly heat-shocked by two fold dilution in 
prewarmed (55°C) LB media. Subsequently, the incubation was 

25 continued for another 3 hours at 42°C. Cells were pelleted 
by centrifugation and resuspended in 10% sucrose/ 5 OmM 
HEPES, pH7.6 to an O.D. equivalent to 150. The cell 
suspension was lysed for 45 minutes on ice by adding KC1 to 
0.25M, DTT to 2mM, lysozyme to 0.5 mg/ml, benzaraidine to 

30 ImM and leupeptin^ to l/an filter and then loaded onto a Q50- 
Sepharose column at a protein (rag) : resin (ml) ratio of 10:1. 
Bound protein was eluted using a linear gradient from 0.05 
to 1M KC1 (in buffer B, containing 10% glycerol, 20mM HEPES 
(pH 7.5) , 5 mM DTT, and O.lmM EDTA) . Fractions containing 

35 DnaK were dialysed against a buffer containing 10% sucrose, 
2 OmM Imidazole (pH 7.0), 2 OmM MgCl 2 , 2 OmM KC1, 5mM DTT, ImM 
Benzamidine and leupeptin to l/xg/ml (buffer A) . Dialysed 
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protein was applied to an ATP -agarose column (Sigma A-2767) 
in buffer A at a protein (mg) : resin (ml) ratio of 20:1. 
After washing in buffer A containing 1M KC1 and 
equilibration in buffer A, DnaK was eluted in buffer A 
5 containing lOmM ATP. 

Purification of latent human p53 from Escheri chi a coli. 
Recombinant human p53 was expressed in BL21 E. coli cells 
at room temperature using a T7 expression system (Midgley 
et al, 1992), in which latent p53 tetramers were purified 
from soluble lysates (Hupp et al, 1992). p53 was purified 
by a modification of a published protocol (Hupp et al 
1994a) . Briefly, human p53 was purified using Heparin- 
Sepharose (Hi-Trap, Pharmacia Biotech Inc.), 

Phosphocellulose (P-ll, Whatmann) , and Superose-12 
(Pharmacia) column chromatography. 

Purification of murine p53 protein. 

Murine wild- type p53 was expressed in E. coli BL21 cells as 
described for human p53 (Hupp et al 1994a) . Murine wild- 
type p53 and the point mutant Ala309 were also expressed in 
Spodoptera. frugiperda cells (Sf9 cells) as described 
elsewhere (Hansen et al) . The protein was purified using 
Heparin- Sepharose (Hi -Trap ) , Pharmacia Biotech Inc.) with 
a linear KCL gradient from O.l.to 1M KC1 in buffer B. 

Activation of p53. 

p53 (indicated amounts) was added to 10/il of Activation 
buffer (10% glycerol, 1.0 mg/ml BSA, 0.05 M KCl, 0.1 mM 
30 EDTA, 5 mM DTT, 0.05% Triton X-100, 10 mM MgCl 2f 0.5 mM ATP 

(or 50/xM ATP when activated using protein kinases) and 25 
mM HEPES (pH 7.6)), followed by incubation at 30°C for 30 
minutes with indicated activating factor or peptide. 
Reactions were placed at 0°C at lOjxl of a DNA binding 
35 buffer (20% glycerol, 1.0 mg/ml BSA, 0.05 M KCl, 0.1 mM 
EDTA, 5 mM DTT, 0.05% Triton X-100, 10 mM MgCl 2 , 0.5 mM ATP, 
5 ng of radiolabeled consensus site oligonucleotide (Hupp 
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et al 1992) , and 100 ng of supercoiled pBluescript 
competitor DNA. Reaction products were processed using 
native gel electrophoresis as indicated previously (Hupp et 
al 1992) . 

DNA transf ections and UV treatment. 

10/ig of RGCAFos LacZ plasmid DNA and ljxg of DOR neo2 
plasmid DNA were cotransf ected into 5 x 10 s cells (0-gal 
cells using calcium phosphate precipitation followed by a 
15% glycerol shock. The transf ected cells were cultured in 
selection medium, supplemented with Ifig/ml G418 <0-gal 
cells) to select cells containing neo plasmid. 14 
resistant cells were cloned by cloning ring and expanded. 
The 0-galactosidase activity was measured 12 hours after 
the cells were exposed to 10 J/m 2 of UV to induce the 
endogenous wild type p53 and the mot responsive clone was 
used to carry out further study. When cells were grown to 
80% confluence, in Dulbecco's Modified Eagle Medium (DMEM) 
supplemented with 10% fetal calf serum (FCS) and l^g/ml 
G418, culture medium was removed and the cells were exposed 
to UV in a XL-1500UV cross-linker (Spectronics 
Corporation) . The energy of UV light delivered was 
precisely controlled by the cross -linker. After exposure 
the cells were grown in fresh culture medium for 16 hours 
before LacZ expression was determined. Cells were then 
washed with phosphate buffered saline (PBS) and fixed with 
2% formaldehyde/0.2% glutaraldehyde in PBS for 5 minutes on 
ice. Cells were washed with PBS and overlaid with 0.25 
mg/ml 0-gal in reaction mix (5 mM potassium f erricyanide , 
5 mM potassium f errocyanide , 2 mM magnesium chloride in 
PBS) . Cells were incubated at 37°C for 16 hours and 0-gal 
positive cell numbers determined. 

Murine p53 ELISA assay. 

Levels of murine p53 were determined in a two site 
immunoassay as follows. Falcon raicrotitre dish wells were 
coated with 50 ml of purified mouse monoclonal antibody Pab 
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2487 at 30 mg/ml in carbonate coating buffer for 8 h at 
4°C. The capture antibody was then removed and the plates 
blocked with 200 ml 3% BSA in PBS overnight at 4°C. The 
plates were washed (1 X PBDS, 2 X 0.1% NP-40 in PBS, l X 
5 PBS) and 50 ml of serially two fold diluted cell extract 
added for 3 hours at 4°C. Cell extracts were prepared by 
lysis in ice-cold NET buffer (50 mM Tris-HCl, pH 8.0, 150 
mM NaCl, 5 mM EDTA, 1% NP-40) containing 2 mM 
phenylraethylsulphonyl fluoride, for 30 minutes at 4°C 

10 Debris was removed from the lysate by centrifugation at 
14000 rpm in a refrigerated Eppendorf centrifuge. Cell 
lysates were removed avoiding cross contamination and the 
plates washed as before. Captured murine p53 was detected 
using 50 ml of the rabbit anti-p53 serum CM5 diluted 1:1000 

15 in 1% BSA in PBS for 2 h at 4°C. The plates were washed 

and 50 ml horse radish peroxidase conjugated swine anti- 
rabbit IgG diluted 1:1000 in 1% BSA in PBS was added for 2 
h at 4°C. Following washing, bound p53 was visualized with 
50 ml TMB substrated per well. The colour reaction was 

20 stopped by the addition of 50 ml 1 M H 2 S0 4 per well and the 

optical density at 450 nm measured. The murine p53 ELISA 
assay was standardized by including known quantities of 
recombinant murine p53 expressed in E. coli and 
resolubilised from inclusion bodies. 

25 

Microinj ect ion . 

24 hours prior to microinjection the cells were trypsinised 
and approximately 200 cells were spotted as 5 ml drops onto 
tissue culture dishes. Cells were allowed to adhere for 1 

30 hour before culture medium was added. Microinjection was 
performed using an Eppendorf microinjection system 
(Microinj ector 5242, Micromanipulator 5170) mounted to an 
Axiovert 35 M with heated stage. Injections were 
intranuclear. Purified mouse monoclonal antibodies Pah 421 

35 and Pab 246 were injected into a microinjection buffer (100 
mM glutamic acid, 140 mM KOH, 1 mM MgS4, pH7.2) at a 
concentration of 2 mg/ral. Following microinjection, fresh 
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medium was added to the cell cultures and they were 
incubated 24 h before being fixed and assayed for LacZ 
expression with 0-gal. 

5 peptide binding assay. 

Peptides used in this assay were purified and obtained from 
Chiron Mimotopes and contain a biotin group at the N- 
terminus linked to the amino acid sequence SGSG. Peptides 
are 15-mers representing the linear amino acid sequence of 

10 human or murine p53. DnaK (1.5/iM) was incubated with 0.05, 
0.5 and 5/xM peptide in reaction buffer (15% glycerol, 25mM 
HEPES, pH 7.5, 50 mM KC1, 5mM DTT, 0.02% Triton X-100, 10 
mM MgCl 2 , ImM ATP) for 30 minutes at 30°C. Reactions were 
run on a native 8% polyacrylaraide gel at 50V for 3 hours, 

15 then blotted onto nitrocellulose as described (30) and the 
peptides were detected with Streptavidin-conjugated 
/ Peroxidase (Sigma) and ECL (Amersham) . 

Phosphorylation of latent p53 . 

20 p53 protein (12ng) was incubated in 10/xl of a buffer (10% 
glycerol, lOmM MgCl 2# 20mM HEPES, pH 7.6, O.lmM ATP, O.lmM 
EDTA, 5mM DTT, 0.1% Triton X-100) with casein kinase II 
from rabbit muscle (Hupp et al, 1993) or recombinant human 
casein kinase II obtained from Boehringer Mannheim (O.lraU) . 

25 Incubations were performed for the indicated times at 30°C 

and reactions were added to 10/il of DNA binding buffer 
containing radioactive target DNA as described below. 

DNA binding assay. 

30 Binding conditions are described in detail elsewhere (Hupp 
et al, 1992). Briefly, the DNA binding buffer contained 
20% (v/v) glycerol, 50mM KC1, 40mM HEPES (pH 7*5), 0.05mM 
EDTA, 5mM DTT, 0.1% Triton X-100, lOmM MgCl 2 , and l.Omg/ml 
bovine serum albumin. A double-stranded oligonucleotide 

35 representing the specific p53 consensus site (PG) (El Deiry 
et al, 1992, Hupp et al,. 1992) was end-labelled with [X 32 - 
P]ATP and used with a 20-fold excess of supercoiled non- 
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specific, non-iabelled competitor DMA (pBluescript II SK+, 
{ Stratagene) . Incubations of p53 with DnaK or peptide were 
performed for 30 minutes at 30°C in 10/il reaction buffer. 
Then 10/xl DNA binding buffer containing 5ng labelled PG and 
5 lOOng pBluescript were added to the reaction mix, incubated 

on ice for 30 minutes, loaded on a 4% native polyacrylamide 
gel and run at temperatures from 4°C to 12*0. For the 
quantification of the radioactive signals a Phosphorlmager 
(Molecular Dynamics) was used. 

10 

Detailed Description 
Results 

15 UV induced activation of the transcriptional function of 
p53 does not require an increase in p53 protein levels: 
support for a model of p53 activation by postradiational 
modification . 

20 The levels of p53 protein rise dramatically in some cells 

and tissues exposed to DNA damaging radiation (Maltzman and 
Czyzyk 1984; Kastan et al 1992; Hall et al 1993; Midgley et 
al 1995) . This rise in p53 protein following irradiation 
is associated with enhanced transcription of p53 responsive 

25 geiies (Lu and Lane 1993; Zhan et al 1993). Although the 
mechanism by which p53 levels increase in the environment 
of the irradiated cell is not known, the increase in p53 
protein concentration provides a simple explanation for the 
increase in transcription from p53 responsive genes. 

30 However, an alternate mechanism for the regulation of p53 
dependent transcription has been suggested by a series of 
biochemical studies on the regulation of the sequence - 
specific DNA binding function of p53 . These studies show 
that p53 can be produced in a biochemically latent state 

35 that can be activated for specific DNA binding after the 
modification of a C- terminal negative regulatory domain by 
distinct enzymes in vitro (Hupp and Lane 1994b) . 
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Furthermore, signalling pathways that respond to UV 
radiation or growth factors in serum can directly activate 
p53's sequence-specific DNA binding function in cells (Hupp 
and Lane 1995) . According to this model then, covalent 
5 modification of p53 without increase in protein level may 
be sufficient to activate the p53 response following DNA 
damage in normal cells. 

To test these two models we used a wild- type p53 containing 

10 murine fibroblast cell line with a stably integrated p53- 
responsive 0-galactosidase reporter gene. When these cells 
are exposed to intermediate doses of UV light (20 and 40 
j/tn 2 ) two events are observed: p53 levels rise as judged by 
a sensitive ELISA assay (Figure 1A) and expression of the 

15 0-galactosidase reporter gene is activated as determined by 

cell staining (Figure IB) . Notably, the dose response 
curve shows that at lower doses of UV irradiation (10J/m 2 ) , 
p53 dependent transcription is activated without any 
detectable increase in p53 protein level (Figure 1A and 

20 IB) . These results imply that the specific activity of p53 

as a transcription factor can be altered by irradiation 
without increasing p53 protein concentrations. In 
addition, these results suggest that unirradiated 
fibroblasts contain a pool of latent p53 which can be 

25 activated by a factor in response to DNA damage. To 
establish the existence of this pool of latent p53 in 
unirradiated cells we sought to activate it independent of 
DNA damage. The antibody Pab421 is a potent activator of 
the DNA binding function of latent p53 in vitro, so we 

30 tested the capacity of the Pab421 antibody to activate p53 
dependent transcription in vivo by microinjection. 
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Activation of the sequence-specific transcriptional 
response of p53 in vivo by microinjection of Pab421 
establishes the existence of a pool of latent p53 in 
5 mammalian cells. 

Strikingly, microinjection of the antibody Pab421 activates 
the p53 transcriptional response, as shown by the 
production of 0-galactosidase enzyme in the injected 

10 reporter cells (Figure 2ii) . Buffer alone (Figure 2i) or 
inhibitory antibody, Pab246 (Halazonetis and Kandil 1993), 
does not give rise to a transcriptional response (Figure 
2iii) . A quantitative summary of two independent 
experiments is shown in Table 1. These results reflect an 

15 important concept; that a latent pool of p53 can be 

activated in vivo in the absence of irradiation damage by 
a post-translational event catalysed by a specific agent 
targeting the carboxy- terminal negative regulatory domain. 
Furthermore, they provide an explanation of an earlier 

20 paradox in the field. While the viability of p53 null mice 

establish unequivocally that p53 function is riot required 
for the cell cycle, microinjection of anti-p53 antibodies 
into the nuclei of quiescent cells has been shown to block 
entry of these cells into S phase following serum 

25 stimulation (Mercer et al 1982; Mercer et al 1984; Deppert 
et al 1990) . These results had been interpreted previously 
to show that p53 was required for entry into S, as it was 
reasonably assumed at the time that the antibodies acted as 
antagonists blocking an essential p53 function required for 

30 Gl exit. Our results, based on our in vitro and in vivo 
studies, clearly demonstrate that these antibodies can 
instead act as agonists, activating the transcriptional 
activity of latent p53 in vivo and would therefore be 
expected to induce a p53 dependent Gl block in the same way 

35 as ionizing irradiation. Given the relevance of this 
activation reaction in vivo, we have focused on determining 
the mechanism of p53 activation with a view towards 
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identifying small molecules that can be used to regulate 
the p53 pathway. 

A synthetic peptide derived from the C- terminal regulatory 
5 domain activates latent p53 

Our current model of how the C- terminal negative regulatory 
domain of p53 acts to control the DNA binding function of 
p53 is illustrated in Figure 8. Negative regulation of p53 

10 may occur through amino acid side-chain interactions 
between the regulatory site and another domain within the 
tetramer. According to this allosteric model, competitive 
disruption of the regulatory site amino acid contacts by 
synthetic peptides derived from the C-terminus would lead 

15 to the conformational changes which activate p53 . In 

contrast, according to a steric model of negative 
regulation, small peptide mimetics of the C-terminus would 
actually bind to the active site and inhibit sequence- 
specific DNA binding of p53. To discriminate between these 

20 two possibilities, we sought to determine whether p53 

function would be inhibited or activated by small peptides 
derived from its negative regulatory domain. 

A panel of small molecular weight, overlapping polypeptides 
25 derived from the C- terminal regulatory domain were used for 
these studies (Figure 3, top panel). Peptide C x (C369-383) , 
which harbors both the protein kinase C site and Pab421 
epitope, activates p53 at peptide concentrations of IOOjiM 
(Figure 3 f bottom panel, lanes 2-4 vs lane 1). Synthetic 
30 peptides Cj (C364-378, lanes 5-7), C 3 (C374-388~, lanes 8-10) 

or C« (data not shown) at concentrations up to 100/iM do not 
activate p53 function, indicating that activation by 
peptide C x is highly specific. These results are consistent 
with the model whereby specific amino acid contacts between 
35 the regulatory site and a surface sub- domain can be 
disrupted to give rise to the allosteric activation of p53 . 
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Synergistic activation of latent p53 using casein kinase II 
and a synthetic peptide derived from the negative 
regulatory domain. 

5 The activation of the latent sequence specific DNA binding 
function of p53 seen with peptide C x is modest. We sought 
to find conditions where the effect was enhanced so that we 
could examine the specificity of the activating peptides in 
more detail. Specifically, we have taken advantage of the 
10 fact that, under specific conditions, stoichiometric 

phosphorylation of wild type p53 can be uncoupled from its 
activation (see below, Figure 8) . 

The rate of p53 activation by casein kinase II was analysed 
15 using catalytic levels of recombinant casein kinase II (10- 
fold lower molar equivalents) ; under these reaction 
conditions p53 becomes progressively more active from 2-10 
minutes at 30°C (Figure 4, top panel, lanes 1-5), despite 
the fact that stoichiometric phosphorylation has occurred 
20 within 30 seconds (Figure 4, middle panel). 

These results indicate that phosphorylation by recombinant 
casein kinase II is a very rapid step and that subsequent 
conformational changes leading to p53 activation are rate- 
25 limiting. 

Under these conditions in which there is lower level of p53 
activation, but stoichiometric phosphorylation of the 
protein, the subsequent addition of peptide C x at. 0°C 

30 dramatically "stimulated p53 sequence-specific DNA binding 
(Figure 4, top panel, lanes 7-11) to achieve a specific 
activity similar to Pab421-activated p53 (data not shown) . 
The N- terminal antibody DO-1 shifts the migration of this 
protein-DNA complex (lane 11 vs lane 7) demonstrating the 

35 p53- specificity of the reaction. In addition, the 
tetrameric nature of this peptide -activated form of p53 
(lane 11) is clear from the expression of four DO-1 
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■w epitopes bound by two DO-1 monoclonal antibodies during 
native gel electrophoresis, as described previously (Hupp 
and Lane 1994a) . 

5 Alterations in ionic strength (Figure 4, bottom panel, 
lanes 6-9 vs lane 1) or addition of bacterial Hsp70 (lanes 
10-12 vs lane 1) could not lead to a stimulation of 
sequence-specific DNA binding of latent, phospho-p53 
intermediate complexes. Under these same conditions, a 
10 prior, rapid and stoichiometric phosphorylation of p53 was 
essential to unmask the highest level of stimulation of 
sequence -specific DNA binding by the synthetic peptide 
(lanes 2-5 vs lanes 13-15) . 

15 Synergistic activation of latent p53 using DnaK and a 

synthetic peptide derived from the negative regulatory 
domain. 

To gain further insight into the activation of p53 by 
20 synthetic peptides, we investigated whether a prior 

modification of the carboxy- terminal regulatory site of p53 
by a non-kinase activator could also give rise to 
synergistic activation by peptides. This second assay 
takes advantage of the fact that (i) the E. coli Hsp70 
25 (DnaK) can also interact with latent p53 tetramers to 

efficiently unmask the cryptic sequence-specific DNA 
binding activity in vitro (Hupp et al 1992) Hupp et al 
1993) , (ii) DnaK targets the C-terminal negative regulatory 
domain at a site within peptide C 3 (data not shown) and 
30 (fii) activation of. p53 by DnaK can now be divided into two 

stages; a latent -DnaK-p53 intermediate complex can be 
stably isolated at 0°C (see below) . 

Activation of latent p53 by DnaK requires an incubation at 
35 30°C, as activation of p53 does not occur when reactions 
are incubated at 0°C (Figure 5, lane 6) . As DnaK does not 
activate p53 at 0°C, the ability of peptide Q x to synergise 
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in concert with DnaK under these conditions was examined. 
Importantly, and in contrast to peptide C 3 , the activating 
peptide C x does not bind to DnaK (data not shown) . As seen 
previously, a titration of peptide C lf in the absence of 
5 DnaK at 0°C, gives rise to a modest activation of latent 
p53 (Figure 5, lanes 1-5) . In contrast, a titration of 
peptide C lf in the presence of DnaK at 0°C (Figure 5, lanes 
7-10 vs lane 6) , gives rise to a dramatic activation of 
latent p53- with an apparent 1^ of peptide activation being 
10 32/iM v The specific activity of DnaK/peptide-activated p53 
at 0°C was identical to DnaK- activated p53 at 30 °C (data 
not shown) . Alterations in the pH, ionic strength or time 
of incubation does not lead to a DnaK- dependent -activation 
of p53 at 0°C in the absence of peptide (data not shown) . 

15 

Alanine scan of the activating peptide defines specific 
amino acids required to activate latent forms of p53 . 

Truncation of the activating peptide defines endpoints 

20 required for activation of p53 . A panel of biotinylated 

peptides which contain N-terminal or C-terminal deletions 
of the activating peptide C, (a biotinylated version of the 
activating peptide C a ', Figure 3), were used to define the 
end limits required for peptide activation with DnaK at 

25 0°G. A titration of peptide C 7 activates p53 using DnaK 

with an apparent K. of activation being (Figure 6), 

which is approximately four- fold lower than that obtained 
with the non-biotinylated peptide C x in the presence of 
DnaK. Truncated derivatives of the full length peptide, 

30 peptide C8 or C9, could also co-activate with DnaK but the 
apparent K. of activation being slightly higher at 30/iM. 
However, further truncation from the N- terminus (peptide C 10 
or C X2 ) or from the C- terminus (peptidg C ) prevented 
peptide activation, thus defining amino and carboxy- 

35 terminal endpoints required for a high affinity activation 
of p53. 
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A series of peptides with single alanine substitutions at 
every position from amino acids 369-383 was used to define 
critical amino acids within the full length peptide which 
5 function in the activation of p53 (Figure 7) . These 
results define a consensus polypeptide sequence which plays 
an essential role in the rate-limiting activation of p53. 
Specifically, substitution of any of the positively charged 
amino acids (K370, K372, K373, R379, K381, or K382) with 

10 alanine dramatically reduces the ability of the 19 amino 
acid synthetic peptide to potently activate p53. 
Substitutions of the remaining nine amino acids with 
alanine are tolerated and do not dramatically reduce the 
apparent K^ of activation. These results define the exact 

15 molecular requirements and assay conditions to develop 

small molecular weight regulators of the p53 allosteric 
activation pathway . 

DnaK targets the C- terminal regulatory site of human p53. 

20 

DnaK can activate latent, wild- type and some mutant forms 
of p53 protein for sequence- specific DNA binding (Hupp et 
al, 1993). Although the mechanism is undefined, it is 
clear that the tetramerization status of p53 is preserved 

25 after activation, indicating that DnaK does not dissociate 

tetramers into smaller units. DnaK activation of p53 also 
requires energy in the form of heat, as the reaction cannot 
proceed at 0°C (see below) . In addition, DnaK partner 
proteins DnaK and GrpE are not required for this 

30 interaction, . reducing the likelihood that substrate 

targeting and turnover, putatively associated with GrpE and 
DnaK function, are! required for DnaK function in this 
system. Given the simplicity of the two component 
activation reaction driven by DnaK protein, studying the 

35 mechanism of p53 interaction with DnaK may not only provide 
insight into how p53 protein activity is altered by 
interacting proteins, but it may give insight into the 
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mechanism whereby DnaK interacts with a native protein 
substrate. 

Modification of a C- terminal negative regulatory domain on 
5 latent p53 has been shown to trigger the activation of DNA 

binding by other proteins: Binding of the monoclonal 
antibody PAb421 or phosphorylation by either casein kinase 
II, protein kinase C, or cdc/cyclins can activate latent 
p53, whereas the monoclonal antibody ICA-9 binding to the 
10 casein kinase II site can reverse the activation (Figure 
15) . As the target site for activation of p53 by DnaK has 
not been determined, we investigated a possible interaction 
of DnaK with the C- terminal regulatory domain. 

15 A series of synthetic peptides was screened for the ability 

to interfere with the activation of human p53 DNA binding 
by DnaK. Reactions were divided into two stages by first 
incubating p53 and DnaK in the absence or presence of 
synthetic peptides at 30°C and then assaying for sequence - 

20 specific DNA binding at 0°C. Synthetic peptide 379-393 

derived from the C- terminus of p53 competed effectively 
with DnaK (Fig. 9A, lanes 8-10 versus lane 3) . The 
concentration of DnaK in the reaction was 1.4 fM and the 
amount of peptide required for 50% inhibition of DnaK 

25 activity in this assay was approximately 0.5 to 1 

These results suggest that DiiaK protein targets the C- 
terminal domain of p53 . In addition, the requirement for 
stoichiometric amounts of inhibitory peptide suggest that, 
although DnaK protein is required in a 50 -fold molar excess 

30 over p53 protein, inhibition of most of the DnaK is 
required to block p53 activation. The requirement for high 
levels of DnaK protein may depend on an altered 
conformation of DnaK at higher protein concentrations, as 
in one biochemical system, it is the absolute DnaK protein 

35 concentration and not the molar ratio of DnaK to its 
substrate that dictates chaperone activity. Indeed, the 
specific activity of HSP70 isoforms may be sensitive to 
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changes in their conformation or oligomeric structure 
(Blond-Elguindi, 1993) . 

The inhibition by peptide 379-393 is specific for DnaK 
5 since PAb421 (lanes 5-7 versus lane 2) and casein kinase II 
(lanes 11-13 versus lane 4) activation of p53 were not 
blocked by this peptide. Peptide 379-393 was unable to 
compete with casein kinase II activation of p53 despite 
harboring the phosphorylation site for this kinase. Short 

10 synthetic peptides containing the casein kinase II 

phosphorylation site of p53 have only a relatively weak 
homology to the defined consensus motif of the casein 
kinase II site and have previously been shown to be 
ineffective as substrates for this enzyme. Additional 

15 structural determinants within the p53 homotetramer may 

contribute to casein kinase II specificity. 

* The inability of a flanking peptide harboring the PAb421 
antibody epitope ((Stephen et al, 1995); peptide 369-383) 

20 to compete with DnaK activation indicates that peptides at 

stoichiometric concentrations do not in general inhibit the 
biochemical function of DnaK in this reaction (Fig. 9B, 
lanes 4-6) . Peptide 369-383 is, however, biochemically 
active as it did inhibit p53 activation by PAb421 (Fig. 9B, 

25 lanes 1-3) . Peptide 374-388 was also effective in 

competing with DnaK activation of p53 (Fig. 9C, lanes 6-9 
versus lane 1) . together, these data indicate that amino 
acids 389-393 and 374-378 do not contribute to DnaK 
specificity while amino acids 379-388 play an important 

30 role in p53 recognition by DnaK (figure 15) . Thus, this 

suggests that one important step in DnaK activation of p53 
involves an interaction with a motif situated in between 
the casein kinase II and protein kinase C phosphorylation 
sites. 

35 
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DnaK binds directly to synthetic peptides derived from the 
p53 C- terminus. 

We examined whether the synthetic peptides derived from the 
5 C-terminus of p53 were inhibiting activation of p53 protein 
by DnaK due to direct binding to DnaK. A slightly 
different subset of peptides was chosen for this analysis 
in order to define a minimal site of interaction. DnaK and 
the respective peptides were co- incubated at 30°C, bound 

10 peptide was separated in a native polyacrylamide gel assay, 
and analyzed by Western blot via streptavidin binding to 
the biotinylated peptides {figure 10) . DnaK did not 
interact with peptide 366-380, but showed weak binding to 
peptide 371-385. Thus, amino acids 381-385 define an 

15 important component of the DnaK binding site. Peptide 376- 
390 formed a stoichiometric complex with DnaK and exhibited 
the strongest binding to DnaK. The peptide 379-393 bound 
weaker to DnaK, as the presence of the last three acidic 
amino acids in the peptide may reduce the stability of 

20 complex formation with DnaK. Therefore, the last few amino 

acids do not contribute to the DnaK binding site, but 
rather seem to reduce binding. This is consistent with the 
fact that DnaK is a more potent activator of latent p53 
protein when the final four amino acids are removed (Hupp 

25 and Lane, 1995) and that peptide 379-393 has a slightly 
reduced inh i b itory activity towards DnaK in comparison with 
peptide 374-388 (Pig. 9C lane 4 versus lane 8) . Together, 
these results indicate that DnaK can form a stable and 
stoichiometric complex with specific p53 peptides arid 

30 refine assignment of the DnaK interaction site on p53 
protein to amino acids 381-388 (figure 15) . 

Interaction of human Hsc70 protein with p53 C- terminal 
peptides. 

35 

Bacterial DnaK belongs to the heat shock protein 70 family 
and is very homologous to its human members (Table 2) . 
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Although HSP70 horaologues can exhibit quite distinct 
substrate specificities, peptides that bind to bacterial 
DnaK with a high affinity contain some similar hydrophobic 
properties that match the consensus binding sequence for 
5 some mammalian heat shock proteins, suggesting the 
possibility that some conservation of substrate specificity 
may exist. As such, we investigated whether mammalian 
HSP70 isoforms can also bind directly to peptides derived 
from the C-terminal regulatory domain of human p53 . HSP70 
10 family members studied include Grp79, Hsc70, and Hsp70 (see 

below) . 

The const itutively expressed Grp78/BiP is a resident 
protein of the endoplasmic reticulum (ER) and a member of 
15 the glucose -regulated protein family. An affinity panning 
approach of peptide libraries in bacteriophages has 
identified an optimal heptameric motif for the molecular 
chaperone BiP with a high content of aromatic and 
hydrophobic amino acids. Recombinant hamster Grp78 (BiP), 
20 however, did not show any binding to our O terminal p53 

peptides (Table 2) . The 70kDa heat shock cognate protein, 
Hsc70, is a constitutive member of the Hsp70 family found 
in the nucleus and cytosol, just like stress -induced Hsp70 
(Gething et al, 1992) . Human Hsp70 and Hsc70 proteins have 
25 been well characterized biochemically with respect to their 
ability to interact with denatured protein substrates 
(Freeman et al, 1995). Although human Hsp70 protein did 
not bind to the C-terminal p53 peptides (Table 2) , human 
Hsc70 protein exhibited strong binding to the same peptides 
30 as observed with DnaK (figure II) . However, Hsc70 protein 
binding to the C-terminal p53 peptides was less avid than 
that observed for DnaK, which has been inferred previously, 
based on the relative ability of a C-terminal p53 peptide 
to compete with bovine Hsc70 and DnaK protein binding to 
35 unfolded lac t albumin. 
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The functional significance of this conserved interaction 
of DnaK and Hsc70 with the C- terminal p53 peptide is not 
yet clear. Evidence that mammalian Hsp/c70 proteins may 
modulate the p53 pathway comes from the observation that 
5 overexpression of Hsc70 protein can suppress focus 
formation of rat , fibroblasts induced by mutant p53 plus ras 
or myc plus ras and mammalian Hsc70/Hsp70 binds to mutant 
p53 synthesized in reticulocyte lysates unless the C- 
terminal 28 amino acids have been removed. Our data 

10 indicate that one interaction site for human Hsc70 protein 

may reside in the p53 protein C- terminus and that human 
Hsp70 does not interact similarly. Despite the similarity 
of Hsc70 and DnaK in binding to C- terminal human p53 
peptides, Hsc70 was not able to substitute for DnaK in 

15 activating latent human or murine p53 for DNA binding (data 

not shown) . This suggests that: (1) another factor may be 
required to function in concert with Hsc70 to activate p53 
protein; (2) that the reduced affinity of Hsc70 is 
sufficient to preclude activation of p53 protein; (3) that 

20 DnaK protein has at least one other recognition site on 

p53, and (4) DnaK activation is not directly related to 
binding to the C- terminal region. 

DnaK b inds with a lower affinity to C-terminal peptides 
25 derived from murine p53 . 

Murine p53 is 85.8% homologous to human p53 and both 
proteins include well described functional features like 
the DNA binding domain in the central region and a C- 

30 terminal tetraraerization domain (Wang et al, 1994). Both 
proteins can activate transcription of target genes 
containing p53 binding sites (Parmer et al, 1992) and they 
can both function as transcription factors in yeast 
(Scharer et el, 1992) . Human and murine p53 also form 

35 hetero-tetramers when co- translated. The cellular human 
proteins TBP (TATA-binding protein) and hdm2 (human double 
minute 2) also bind murine p53. However, although murine 
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and human p53~have conserved their C-terminal cdc2/cyclin, 
protein kinase C and casein kinase II phosphorylation 
sites, there is a striking degree of divergence in the 
region of human p53 implicated in binding to DnaK protein 
5 (figure 15) . 

Peptides from the murine p53 C-terminus bind much weaker to 
DnaK protein than the peptide from the human p53 sequence 
(figure 12) , suggesting that this region does harbour a 

10 weaker DnaK interaction site. There are four amino acid 
changes in murine p53 compared to the human DnaK binding 
site (figure 15) and based on the HSP70 isoform peptide 
binding specificity defined by Fourie et al, (1994) the L 
to T, P to V, and T to K amino acid substitutions in the C- 

15 terminus of murine p53 may be sufficient to reduce DnaK 

binding. However, a similarity could be detected in terms 
of the relative affinity of binding pattern of murine C- 
terminal peptides: Peptide 368-382 which localizes between 
the protein kinase C and casein kinase II phosphorylation 

20 sites showed a more pronounced binding than the 

neighbouring peptides. If the C-terminus is a major 
interaction site of p53 protein for DnaK, then the reduced 
ability of DnaK to bind to murine p53 peptides should also 
be reflected in a reduced specific activity of DnaK in its 

25 activation of latent murine p53 protein. Addition of 

increasing concentrations of DnaK resulted in only a very 
weak activation of the DNA binding activity of latent 
murine p53 (figure 13), under conditions where PAb421 gave 
potent activation. These results are consistent with the 

30 hypothesis that the C-terminus of latent human p53 protein 
harbours a DnaK recognition motif. 

Mechanism of DnaK activation of murine p53. 

35 To confirm whether the C-terminus of p53 harbors a DnaK 
recognition motif, the ability of DnaK to activate latent 
murine p53 derived from insect cells was also tested. 
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Although murine latent p53 from E. coli was not activated 
by DnaK, latent murine p53 from insect cells was very 
efficiently activated in vitro by DnaK (figure 14A) . As 
insect cells contain the three conserved kinases known to 
5 activate p53 (including cdc2/cyclin, protein kinase C, and 
casein kinase II) and as rat p53 produced in insect cells 
is heavily phosphorylated at the cdc2 and casein kinase II 
phosphorylation sites, it is likely that in vivo 
phosphorylation of murine p53 protein synthesized in insect 
10 cells may account for the increased activation seen with 

DnaK. The results above show that such a -priming- of 
latent, human p53 protein by a kinase renders the latent, 
phosporylated tetramer more receptive to activation by weak 
activators. 



15 



If this "priming* of murine p53 protein by in vivo 
phosphorylation at the cdc2 or casein kinase II site was 
responsible for the ability of DnaK to activate latent, 
murine p53, then dephosphorylation of the protein would 

20 presumably reduce the extent of activation by Dnak protein. 

One way to address this is to dephosphorylate in vitro the 
purified p53 protein. However, protein phosphatase 
dephosphorylate in vitro the purified p53 protein. 
However, protein phosphatase dephosphorylation at the cdc2 

25 and casein kinase II sites is very inefficient in vitro, 
precluding such an analysis. Instead, we chose to produce 
a cdc2 serine to alanine point mutation in the murine p53 
protein which would preclude phosphorylation at this site 
in vivo. The murine p53Ala309 mutant protein was 

30 significantly (50-65%) less active than wild-type ~p53 after 
incubation with DnaK protein (figure 14) . This indicates 
a concerted synergistic action between binding of a factor 
at the C- terminal regulatory domain and phosphorylation at 
the cdc2 site. In fact, PAb421 was still efficient in 

35 activating insect cell-derived murine p53 protein mutated 
at this site (Ala309) . 
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Identification of a second regulatory domain on p53 whose 
modification contributes to activation. 

These data suggest that a second regulatory domain exists 
5 in the C-terminus of p53, whose modification can lead to 
p53 activation. Since the binding of monoclonal antibodies 
often mimics the action of cellular factors and can 
regulate protein function in vitro, we investigated the 
activity of latent murine p53 after incubation with the 

10 monoclonal antibody PAb24l, whose epitope resides within 
amino acids 288-297 and is close to the cdc2 
phosphorylation site. Antibody PAb241 is indeed able to 
activate latent, murine p53 for DNA binding (figure 14B) , 
although the efficiency of activation is 40% of the 

15 activation by PAb421. 



Discussion 

A rate- limiting step in the activation of p53 sequence- 
20 specific transcriptional function in vivo. 

Prior to these studies, key chemical steps involved in 
activating directly p53 protein following DNA damage in 
mammalian cells have been undefined. However, the ability 

25 to activate the sequence- specif ic transcriptional function 

of wild type p53 in vivo, using a monoclonal antibody 
(Pab421) known to activate the specific DNA binding 
function of p53 in vitro, underscores the rate- limiting 
role of this allosteric activation reaction in modulating 

30 the p53 pathway. These data establish the presence of a 
pool of latent p53 which can be activated post- 
translationally in normal cells and demonstrate that the 
activation of p53 -responsive reporter genes can occur in 
the absence of other signals that might be mediated by DNA 

35 damage within the cells; ie direct affects on the template 
DNA. Indeed, a p53 -dependent superinduction of p21 cm mRNA 
was observed upon serum stimulation of quiescent wild type 
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fibroblasts in the presence of cyclohexiraide (Macleod et al 
1995) , suggesting that activation of p53 transcriptional 
function can occur in the absence of protein synthesis. In 
addition, the fact that modification of p53 in the C- 
5 terminal negative regulatory domain resulting in loss of 
the antibody Pab421 epitope {Milner 1984, Ullrich et al 
1992; Hupp and Lane 1995) or alternative splicing of mouse 
p53 mRNA resulting in removal of the negative regulatory 
domain occurs in tissue culture systems (Arai et al 1986 , 
10 Kulesz-Martin et al 1994), indicates that modification of 

the negative regulatory domain can occur in vivo in the 
absence of DNA damage. 

That activation of the transcriptional activity of p53 can 

15 occur without an increase in p53 protein levels is 
consistent with the existence of distinct cellular 
signalling pathways capable of modulating the conversion 
between latent and activated forms of p53 (Hupp and Lane 
1995) . The results also explain how microinjection of 

20 antibodies to the carboxy- terminus of p53 can block cell 

cycle progression (Mercer et al 1982; Mercer et al 1984; 
Deppert et al 1990) , by virtue of activating the 
biochemical function of endogenous p53 protein. As such, 
determining the mechanism of p53 activation may have future 

25 therapeutic relevance. Selective activation of wild type 
p53 by agents that do not induce DNA damage may 
differentially alter the response of normal tissue as 
compared to p53-negative tumour cells to therapeutic agents 
toxic only to rapidly cycling tumour cells. On the other 

30 hand one class of mutation in p53 results in proteins that 
cannot be activated after phosphorylation, but can be 
activated in vitro by binding of the activating monoclonal 
antibody Pab421 (Hupp et al 1993; Niewolik et al 1995). 
The latter study is notable, as almost one- third of mutant 

35 forms of p53 synthesized in human tumour cell lines can be 
activated in vitro by the binding of Pab421, suggesting 
that a considerable proportion of human tumours might 
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respond to allosteric activators by rescuing their p53 
response . 

An allosteric model for the activation of p53. 

5 

The mechanism of p53 latency and the mechanism whereby the 
protein is activated after covalent modification is not 
known. In addition, neither the crystal structure of the 
full length unphosphorylated p53 tetramer nor the 

10 phosphorylated tetramer are known, thus precluding 
predictions on the mechanisms of latency and activation. 
However, using synthetic peptides derived from the C- 
terminal negative regulatory domain of p53 we have defined 
a small molecule which can activate latent p53 function and 

15 this information has led to a specific biochemical model 

reflecting a possible mechanism of p53 latency and 
mechanism whereby phosphorylation alters polypeptide 
structure. The key elements of this model are that the C 
terminal tails of p53 interact with the core of the 

20 molecule (Figure 8). This interaction locks the core into 
a conformation that is inactive for DNA binding. When this 
tail-core interaction is disrupted by covalent 
modification, non-covalent modification or deletion, the 
core is now able to adopt the active form. Complete 

25 activation of p53 is not accomplished effectively by 
synthetic polypeptides alone, suggesting that negative 
regulatory domain interactions are not easily disrupted. 
The stability of the negative regulatory domain 
interactions are also manifested in the ability to purify 

30 to homogeneity latent p53 tetraraers using three sequential 
chromatographic matrices (Hupp and Lane 1994a) ; ie a 
spontaneous shift in equilibrium frqm the latent to 
activated state during purification would have reduced 
latent tetramer yield if p53 negative regulatory domain- 

35 tetramer interactions were of low affinity and subject to 
destabilisation . 
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Although the activating peptide was not able to potently 
activate latent p53, a striking decrease in the apparent 
for peptide activation and an increase in the specific 
activity of p53 was accomplished by a prior modification of 
5 the C- terminus by casein kinase II or interactions with the 
heat shock protein DnaK under conditions in which 
activation is rate- limiting. This modification presumably 
"primes" p53 protein and decreases the energy barrier to 
peptide-activation by shifting the equilibrium to a state 

10 more favourable to stabilize synthetic peptide-tetramer 
interactions (Figure 8) . This model is also supported by 
the existence of mutant forms of p53 which can be activated 
from their latent state by the Pab4 21 monoclonal antibody, 
but cannot be activated after phosphorylation of its 

15 negative regulatory domain (Hupp et al 1993) . Thus, a 

single point mutation in the core domain of p53 can 
stabilize C- terminal negative regulatory domain 
interactions and hinder activation by covalent 
modification. 

20 

Peptide synergism with activating factors also questions 
the reliability of using immuno-af f inity purified p53 to 
interpret biochemical studies on its post-translational 
regulation. Imraunoaff inity purif ication of p53 using a 

25 Pab42l antibody- linked matrix utilizes a peptide similar to 
the activating peptide C x (Figure 3) to elute p53 from the 
antibody column (Bargonetti et al 1991) . That specific 
peptides can synergise with p53 -activating factors (Figures 
4-6), indicates that conclusions based on studies of 

30 regulation of p53 by enzymes may be misleading due to 

contamination of protein preparations with the peptides' 

The allosteric model of negative regulation model can also 
be used to predict that reduction in net basic charge in 
35 the vicinity of the carboxy- terminal regulatory site would 
be destabilising and could displace the negative regulatory 
domain from its binding site. Apart from phosphate 
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modification, three other independent experiments support 
this prediction. First, site directed mutagenesis 
producing the substitution of four basic amino acid 
residues with hydrophobic amino acids from the C-terminal 

5 negative regulatory domain has already been shown to 
strikingly increase the specific activity of p53 as a 
sequence -specific transcriptional activator in vivo 
(Tarunina and Jenkins 1993), presumably by allowing 
spontaneous activation of p53 during tetramer assembly in 

10 cells. These latter results are striking, especially as 

this quadruple regulatory site mutant form of p53 actually 
has a higher specific activity than p53 activated by 
deletion of its negative regulatory domain. Second, a 
monoclonal antibody, which binds to the acidic domain in 

15 the extreme C- terminus, cannot activate p53 and appears to 

actually stabilize negative regulatory domain interactions 
(Hupp and Lane 1994a) . Third, using an elegant approach, 
* random mutagenesis of the C- terminus of human p53 and 
subsequent screening for mutants which have lost sequence - 

20 specific transcriptional activity in yeast model systems 
resulted in acquisition of two independent point mutations 
in the casein kinase II site at amino acid 393 which 
increased net basic charge (Ishioka et al 1995); an 
expected result if maintenance of net basic charge were an 

25 important element in contributing to p53 latency. 

In conclusion, peptide -dependent activation provides the 
opportunity to formulate biochemical models of p53 latency 
which can be tested experimentally and thus shed new light 

30 on the role phosphorylation plays in . allosterically 
altering polypeptide conformation. These studies also hold 
promise for the design of low molecular weight agents which 
can also activate mutant forms of p53 defective in 
allosteric activation by protein kinases, as activation of 

35 wild type p53 can now be shown in vivo using a monoclonal 
antibody. 
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Definition of an Hsc70 binding site on p53. 

The role of heat shock proteins in the p53 regulatory 
pathway is not fully understood and various reports have 
5 suggested that an interaction between the HSP70 protein 
family and p53 may be specific and of significance. 
Initial studies suggested a link with mutated p53, as in 
tumour cell lines, Hsp/c70 proteins iramunoprecipitates with 
a fraction of mutant, but not wild- type p53 protein. In 

10 addition, overexpression of Hsc70 can suppress focus 
formation of cell lines induced by mutant p53 protein. The 
binding of rabbit Hsp/c70, from reticulocyte lysates to p53 
protein requires the last 28 amino acids of murine mutant, 
not wild-type p53, but these data did not establish whether 

15 this C-terminal region can directly bind to HSP70 isoforms 

or if p53 conformation is altered by the deletion thus 
precluding HSP70 binding. 

More recent studies have shown that the p53 protein, 
20 induced by heat treatment of cells with a wild-type p53 

gene, localizes in the cytoplasm, where it forms a complex 
with Hsc70. The data presented in our study localizes one 
putative binding site of Hsc70 to the extreme C- terminus of 
native, wild- type p53 and is based on direct binding of 
25 peptides derived from the C-teyminus of p53. 

A physiological role for the interaction of p53 protein 
with heat shock proteins and whether a transient 
interaction with an HSP70 family member in vivo is 

30 sufficient to activate p53 protein remains to be 
established. This latter hypothesis find support from the 
observation that mutating all known regulatory 
phosphorylation sites on human p53 does not alter its 
biological function in human cells, suggesting that some 

35 other factor may be involved in p53 activation in cells. 

A second interesting question to address is whether the 
Hsc70 interaction with mutant p53 in tumour cells is a 
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result of the altered conformation of the mutant protein or 
whether the mutant conformation is a consequence of the 
interaction with and unfolding by Hsc70 and its associated 
partner proteins. With one putative binding site of human 
5 Hsc70 localized on human p53 and the observation that human 
Hsp70 may not be involved in this process, this site can 
now be specifically targeted in vivo to approach these 
questions. 

10 Definition of a DnaK binding site on p53. 

The bacterial heat shock protein DnaK is a potent activator 
of latent human p53 and allosteric-class of mutant p53 
proteins in vitro. Since other activators (like PAb421, 

15 protein kinase C, and casein kinase II) also target the 
extreme C- terminal regulatory domain of p53 and another 
activator (cdc2/cyclin kinases) targets a site flanking the 
tetramerization domain, we tried to determine if the site 
of interaction with DnaK was also in this region. We have 

20 identified synthetic peptides derived from the extreme C- 
terminal negative regulatory domain of p53 which compete 
effectively with DnaK activation of p53, suggesting that 
the C- terminal regulatory site of p53 contains an important 
interaction site for DnaK. We were unable to show 

25 effective inhibition of DnaK activation of latent p53 by 
synthetic peptides derived from the amino- terminal region 
of p53 at mM levels observed using carboxy- terminal 
peptides (data not shown) , suggesting that the C- terminal 
regulatory site may contain the major interaction site for 

30 DnaK. A combination of the peptide inhibition studies 
(Figure 9) and the direct peptide binding studies (Figure 
10) has led to the refinement of the DnaK binding site as 
amino acids 381-388 on p53. However, we have not yet shown 
a stable complex between DnaK and native, wild- type p53 

35 protein, but if the interaction is transient or relatively 
.weak, stable complexes may not exist. 
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The specificity of DnaK-peptide binding has been studied 
before, using a peptide display library. Short peptides 
with internal hydrophobic and N- terminal positively charged 
residues were shown to be beneficial for binding by DnaK, 
5 whereas negatively charged amino acids only bound poorly. 
The peptide KKLMFKT, which corresponds to the DnaK binding 
side on p53, has been shown to compete efficiently with the 
binding of reduced and carboxymethylated lactalbumin 
(RCMLA) to DnaK. Indeed, by changing the second amino acid 

10 to a tyrosine (KKLMFKT) the binding of bovine Hsc70, which 

only bound moderately to the original peptide, changes 
dramatically to reach the same degree as binding to DnaK. 
In murine p53 the sequence is changed in that particular 
region to KKTMVKKV, which reduces the affinity of DnaK to 

15 the target sequence. Thus, the exchange of three 

hydrophobic residues and the introduction of a positive C- 
terminal charge reduces the affinity, but do not abolish 
critical amino acids for DnaK binding. 

20 However, unphosphorylated murine p53 produced in bacterial 

is not efficiently activated by DnaK, unlike human p53 
(figure 13), suggesting that mutation of these amino acids 
may effect the affinity of DnaK interaction with the native 
p53 tetramer. 

25 

Mechanism of activation of murine p53 by DnaK. 

Whereas human and murine p53 are very similar on a 
structural level, they may respond differently to post- 

30 translational modifications that target the C- terminus. 

The carboxy- terminal serine 392 site of human p53, which is 
phosphorylated by casein kinase II in vivo and in vitro, 
does not contribute to wild- type human p53's biochemical 
and biological growth suppressor activity. On the other 

35 hand, a mutation of the casein kinase II site of murine p53 
inactivates its ability to suppress growth in rodent cell 
lines. Multiple evolutionary changes in amino acids 
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between human' and murine p53 in the extreme C-terminus 
suggest that this region of p53 has evolved slightly 
distinct controlling mechanisms despite having conserved 
the cdc2/cyclin, protein kinase C, and casein kinase II 
5 phosphorylation sites. 

The activation of murine p53 from insect cells by DnaK 
represents a new model system, which helps to describe the 
mechanism of activation for DNA binding of murine p53 . the 

10 activation of murine p53 by DnaK appears to be similar to 

the model proposed previously for activation of human p53 
by phosphorylation, in which phosphorylation of latent 
human p53 can "prime" the protein and convert it to a form 
that can be activated by weak activators, like peptides. 

15 Similarly, DnaK is a weak activator of unphosphorylated, 

murine p53, due to differences in amino acids of the 
binding region reflected in its reduced affinity for murine 
peptides. Phosphorylation of murine p53 in insect cells, 
may prime for a more efficient activation by DnaK. Wang 

20 and Prives (1995) have shown that phosphorylation by cyclin 

B/cdc2 and cyclin A/cdk2 complexes can lead to increased 
DNA binding by human and murine p53 . Mutation of serine 
309 to Alanine precludes cdc2 phosphorylation of murine p53 
in vivo and reduces the activation by DnaK by approximately 

25 65%. Comparably the potential of PAb421, a strong 

activator in this system, to activate for DNA binding of 
Ala3 09 is only reduced by 15-30%. Thus, there is 
cooperation between these two sites for activation 
affecting both, weak (DnaK) and strong activators (PAb421) , 

30 but weak activators are more dependent of the effect of- 
cooperation. Furthermore, the monoclonal antibody PAb241 
imitates the effect of cdc2 phosphorylation and can also 
activate murine p53 for DNA binding. Thus, our results 
reveal a second regulatory domain within p53 in close 

35 proximity to the cdc2 site of phosphorylation. Since 
tumour-derived, inactive mutant p53 protein can be 
activated for sequence-specific transcription in tumour 
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cells by modification of the negative regulatory domain I 
(Figure 15) , identification of a second regulatory site 
whose modification activates p53 may lead to another 
related approach to reactivate mutant p53 proteins. 
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1; A substance which has the property of activating the 
sequence specific DNA binding activity of latent p53, said 
5 substance consisting of: 

(i) a fragment of the C- terminal regulatory domain of 
p53 protein, or an active portion or derivative thereof; 

(ii) a fragment of murine p53 including the epitope 
bound by antibody Pab241, or a fragment from the 

10 corresponding region of human p53, or an active portion or 
derivative thereof; or, 

(iii) a functional mimetic of (i) or (ii) above; 
wherein the fragment or mimetic is optionally coupled 

to a functional moiety. 

15 

2. The substance of claims 1 wherein fragment of the C- 
terminal regulatory domain of p53 protein consists of amino 
acids 369 to 383. 

20 3 . The substance of claim 1 or claim 2 wherein the 

fragment of the C-terminal regulatory domain of p53 
includes residues corresponding to the amino acids K370, 
K372, K373, R379, K381, K382. 

25 4 . The substance of claim 1 wherein the epitope of 
antibody Pab241 is localised between amino acid residues 
residues 287 to 310 of murine p53, corresponding to 
residues 293 to 316 of human p53. 

30 5. The substance of any one of claims 1 to 4 wherein the 
functional moiety is a label, a drug, or a carrier 
molecule. 

6. The substance of claim 5 wherein the functional moiety 
35 is a 16 amino acid peptide sequence derived from the 
homeodomain of Anteimapedia . 
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7. The substance of claim 5 wherein the functional moiety 
is a molecule which enhances the p53 activating effect of 
the substance. 

5 8. A pharmaceutical composition comprising one or more of 
the substances of any one of the the preceding claims. 

9. The pharmaceutical composition of claim 8 in 
combination one or more p53 activators. 

10 

10. The composition of claim 9 wherein the p53 activator 
is a heat shock protein such as DnaK, antibody Pab42l, 
antibody Pab241 and/or casein kinase II. 

15 11. The substance of any one of claims 1 to 7 for use in 

a method of medical treatment. 

\ 12. The use of the substance of any one of claims 1 to 7 
in the preparation of a medicament for activating latent 
20 p53. 

13 . The use of claim 12 wherein the medicament is for the 
treatment of cancer or other hyperproliferative disorders. 

25 14.* A substance which has the property of binding to DnaK, 

said substance consisting of a fragment of the C-terminal 
regulatory domain of p53 protein from amino acid residues 
381 to 388 (KKLMFKT) , or an active portion or derivative 
thereof . 

30 

15. Nucleic acid encoding a substance of any one of claims 
1 to 7 or 13. 

16. A vector comprising the nucleic acid of claim 15 
35 operably linked to control sequences to direct its 

expression. 
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17. The use tff a substance of any one of claims 1 to 7 or 
13 in screening for (i) compounds having one or more of the 
biological activities of the substances described above or 
(ii) compounds which are binding partners of one of the 

5 substances . 

18. The use of a fragment of p53 including (i) amino acid 
residues corresponding to K370, K372, K373, R379, K381, and 
K383 or (ii) amino acid residues comprising the epitope of 

10 murine p53 bound by antibody Pab241, or a fragment from the 
corresponding region of human p53, in the design of an 
organic compound which is modelled to resemble the three 
dimensional structure of said amino acid residues, the 
organic compound having the property of activating latent 

15 p53 . 

19. The use of a fragment of p53 including amino acid 
residues corresponding to 381-3 88 (KKLMFKT) of p53, in the 
design of an organic compound which is modelled to resemble 

20 the three dimensional structure of said amino acid 
residues, the organic compound having the property of 
binding to DnaK. 
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